



4HE  INDUSTRIAL  INTEREST  IN  THE  CATALYTIC  HYDROGENATION  OF 
PHENYLACETYLENE  HAS  ITS  ORIGIN  IN  STYRENE  POLYMERIZATION 
WHERE  PURE  STYRENE  FEEDSTOCK  IS  NEEDED  TO  PRESERVE 
THE  POLYMERIZATION  CATALYST    	  !  SMALL  AMOUNT  OF 
PHENYLACETYLENE IN THE FEED STREAM CAN DEACTIVATE IT HENCE 
ITS  SELECTIVE  REDUCTION  TO  LESS  THAN    PPM  CONTENT  IS 
NECESSARY &OR THIS PURPOSE HIGHLY SELECTIVE 0D!G CATALYSTS 
ARE COMMONLY USED 	 (OWEVER THEIR ACTIVITY AND STABILITY 
ARE  NOT  ADEQUATE  HENCE  SEARCHING  FOR  MORE  EFFECTIVE 
CATALYSTS IS STILL A TOPICAL TASK
)T  IS  KNOWN  THAT  GOLD  NANOCLUSTERS  EXHIBIT  HIGH  CATALYTIC
ACTIVITY STABILITY AND SELECTIVITY IN VARIOUS CHEMICAL REACTIONS 
	 -OREOVER THERE ARE NUMEROUS PAPERS DEMONSTRATING 
THAT  GOLDCONTAINING  NANOCOMPOSITES  ARE  PERFECT  CATALYSTS 
FOR  HYDROGENATION  OF  UNSATURATED  COMPOUNDS  SUCH  AS 
BUTADIENE  ACETYLENE  PENTENE  CYCLOHEXANE 
ABUNSATURATED  ALDEHYDES  AND  PROPYNE  	  BUT
SELECTIVE  HYDROGENATION  OF  PHENYLACETYLENE  ON  SUPPORTED 
GOLD  NANOPARTICLES  HAS  RECEIVED  LITTLE  ATTENTION  	  4HUS 





0HENYLACETYLENE  !LDRICH  .O    	  AND  STYRENE 
!LDRICH .O   	 WERE DISTILLED FROM 0/ IN AN
ARGON  ATMOSPHERE -ICROSPHERICAL G!L/ )+4-  FROM 
/!3  ²+ATALIZATOR²  .OVOSIBIRSK  3      MG	  AND A!L/
+.  FROM  /!3  ²+ATALIZATOR²  .OVOSIBIRSK  3      MG	 
WERE USED AS A SUPPORT FOR NANOPARTICLES 4HE SUPPORT WAS 
ACTIVATED  BY  CALCINATION  AT  #  FOR    H  BEFORE  USE 




'OLD  NANOPARTICLES  WERE  DEPOSITED  ON  !L/  USING  A 









4HE  GOLD  CONTENTS  IN  THE  RESULTING  SAMPLES  WERE
DETERMINED  BY  ATOMIC  ABSORPTION  SPECTROMETRY  ON  A 
(ITACHI    SPECTROMETER  4HE  METAL  WAS  PRELIMINARILY 


























(#L    (./    	  4HE  RELATIVE  ERROR  OF  GOLD  CONTENT
DETERMINATION WAS LESS THAN 
4HE  4%-  OBSERVATION WAS  PERFORMED WITH  A  ,%/  !"
/-%'!  ELECTRON  MICROSCOPE  WITH    NM  RESOLUTION  &OR 
EACH !U!L/ CATALYST  PARTICLES OF SUPPORTED GOLD WERE 











CHROMATOGRAPH  EQUIPPED WITH  A  ¾AME  IONIZATION  DETECTOR 
AND A M 4HERMON CAPILLARY COLUMN
#ALCULATIONS OF THE CATALYTIC ACTIVITY AND SELECTIVITY





THE  MOLAR  CONCENTRATION  OF  PHENYLACETYLENE  IN  THE  INITIAL 
2UN #!U	 D!U	 T -OLAR CONCENTRATION  #(	 3 #(	 4/&
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AND  STYRENE  IN  INITIAL GAS MIXTURE  RESPECTIVELY CI#(	 AND
CI#(	  ARE  THE  MOLAR  CONCENTRATIONS  OF  PHENYLACETYLENE 
AND ETHYLBENZENE IN THE PRODUCTS AFTER I HOURS RESPECTIVELY






WHERE  "TOTAL	  IS  THE  TOTAL  AMOUNT  OF  GOLD  IN  THE  CATALYST 
SAMPLE  AND  $	  IS  THE  DEGREE  OF  DISPERSION  FOR  IE  THE 



















4HREE !UG!L/ CATALYSTS WITH GOLD  CONCENTRATIONS  OF   
 AND  WT  AND THREE !UA!L/ CATALYSTS WITH GOLD
CONCENTRATIONS OF   AND  WT  WERE OBTAINED VIA 






4YPICAL  4%-  IMAGES  OF  THE  SYNTHESIZED  CATALYSTS  ARE
PRESENTED  IN  &IGS    4HE  DIAMETERS  OF  DETECTABLE  GOLD 
PARTICLES  IN  !UG!L/ CATALYSTS  WITH      AND  
WT GOLD CONTENTS WERE 	 	 AND 	 
NM  RESPECTIVELY 4HE PARTICLE DIAMETERS  IN !UA!L/ WITH 
    AND    WT  GOLD  CONTENTS  WERE  	
	  AND  	  NM  RESPECTIVELY  4HE  GOLD  SIZE 
DISTRIBUTION  IN EACH  SAMPLE WAS  SHARP AND MONOMODAL !T 
APPROXIMATELY  THE  SAME GOLD CONTENT  THE NANOPARTICLES  IN 
!UA!L/ WERE LARGER THAN THOSE IN !UG!L/ 4HIS CAN BE 
ATTRIBUTED  TO  THE MUCH  SMALLER  SURFACE  AREA  OF A!L/ IN
CONTRAST WITH G!L/ WHICH LED TO MORE EFFECTIVE AGGREGATION 
OF GOLD IN THE CALCINATION STAGE
3INCE  THE  CATALYTIC  PROPERTIES  ARE  ASSOCIATED  WITH  THE
SURFACE  OF  SUPPORTED  NANOPARTICLES  THE  MEAN  PARTICLE 
DIAMETERS D!U	 WERE CALCULATED FROM THE MAXIMUM OF GOLD 
SIZE  DISTRIBUTIONS  4HE  RESULTS  ARE  SUMMARIZED  IN  4ABLE   
&ROM THE D!U	 VALUES THE DEGREE OF DISPERSION $ IE THE 




"EFORE  DISCUSSING  THE  RESULTS  OF  HYDROGENATION  OF
PHENYLACETYLENESTYRENE  MIXTURE  ON  IMMOBILIZED  GOLD 
NANOPARTICLES LET US BRIE¾Y REVIEW THE CATALYTIC BEHAVIOR OF A 
±CLEAN²  SUPPORT  #ONTROL  EXPERIMENTS  SHOWED  THAT  THE 
REACTANT  MIXTURE  PASSED  THROUGH A  OR  G!L/ HEATED  TO





HYDROGENATION  OF  PROPYNE  AT  +  	  AND  :R/ SUPPORT 
CATALYZES THE HYDROGENATION OF ACROLEIN AT + 	 4HUS THE 
WEAK  ACTIVITY  OF  OUR  G!L/  OR  A!L/ SUPPORT  COULD  BE






















THE  SAMESIZE  NANOPARTICLES  SUPPORTED  ON G!L/  OR
A!L/  THE  CONVERSION  SELECTIVITY  AND  STABILITY  OF  THESE 
CATALYSTS WERE APPROXIMATELY EQUAL  4ABLE COMPARE  RUN  
AND  RUN  	  4HUS  THE  TYPE  OF  ALUMINA  DOES  NOT  IN¾UENCE 
SIGNI½CANTLY THE CATALYTIC PROPERTIES OF SUPPORTED GOLD IN THIS
REACTION
$EPENDING  ON  THE  CONCENTRATION  OF  PHENYLACETYLENE  IN
THE  INITIAL  MIXTURE  ITS  CONVERSION  ON  SUPPORTED  GOLD 







STABILITY  FOUND  FOR  OUR  CATALYSTS  IS  ALSO  IN  GOOD  AGREEMENT 
WITH PUBLISHED DATA 	 AND CAN BE ATTRIBUTED TO THE ABSENCE 
OF OLIGOMERS IN THE PRODUCT MIXTURE
4HE  4/&  CALCULATED  AT  APPROXIMATELY  EQUAL  	
CONVERSIONS ON    AND  NM GOLD NANOPARTICLES IN 
PHENYLACETYLENE  HYDROGENATION  AT  +  ARE     
 AND  S RESPECTIVELY 4ABLE  RUNS  	 WHICH 
ON THE WHOLE IS COMPARABLE WITH THE 4/& ON THE SAMESIZE 






OF  UNSATURATED  COMPOUNDS  ARE  STRONGLY  DEPENDENT  ON  ITS 
SIZE  4HIS  PHENOMENON  WAS  MENTIONED  REPEATEDLY  FOR 
BUTADIENE  AND  CROTONALDEHYDE  	  ACETYLENE  	 
PENTENE  	  DODECENE  	  ACROLEIN  	  AND 
NAPHTHALENE 	 AND  IT  SEEMS THAT  IT DOES NOT DEPEND ON
THE NATURE OF THE UNSATURATED SUBSTRATE A METHOD OF CATALYSTS 
PREPARATION OR PROCESS  TEMPERATURE  	 4HE  RESULTS OF 















































±GEOMETRIC²  ANDOR  ±ELECTRONIC²  SIZE  EFFECTS  	 






)T  IS WELL  KNOWN  THAT  THE ACTIVITY OF  INDIVIDUAL  ATOM ON  THE 




NUMBER  TERRACE  ATOMS	  WHEREAS  METAL  ATOMS  WITH  LOW 
COORDINATION  NUMBERS  EDGE  AND  CORNER  ATOMS	  ARE 
CHARACTERISTIC OF SMALL PARTICLES 3UCH CHANGES MAY MANIFEST 
THEMSELVES AS ±GEOMETRIC² OR ±ENSEMBLE EFFECT² /F COURSE 





(ARDEFELD  AND  (ARTOG  	  4HE  DEPENDENCE  OF  THE 
PROPORTIONS OF VARIOUS SURFACE ATOMS ON THE PARTICLE DIAMETER 
FOR CUBOCTAHEDRON MODEL &IG  B	 WAS CALCULATED BY -OHR 
	 /F COURSE  THIS MODEL  IS APPROXIMATE  THE ERROR  IN THE 
ESTIMATION OF THE NUMBERS OF VARIOUS SURFACE ATOMS CAN BE 
AS HIGH AS  TENS OF PERCENT (OWEVER  SINCE  THE  SIZE EFFECTS 
OBSERVED IN THE PRESENT PAPER ARE VERY HIGH THE QUALITATIVE 
CONCLUSIONS PRESENTED BELOW CAN BE CONSIDERED RELIABLE
&IRST OF ALL  LET US CORRELATE  THE CHANGES OF 4/& WITH  THE
RATIO OF VARIOUS TYPES OF SURFACE ATOMS SEE &IG B	 /NE CAN 
SEE THAT AS D!U	 DECREASES THE OVERALL FRACTION OF GOLD ATOMS 
WITH  LOW  COORDINATION  NUMBER    AND    CORNER  AND  EDGE 
ATOMS	  INCREASES WHEREAS THE FRACTION OF PLANE ATOMS WITH 
HIGH COORDINATION NUMBER  AND 	 DECREASES &IG B	 4HUS 




MAJOR CONTRIBUTION  TO  THE HYDROGENATION PROCESS  IE  THEY 
ARE THE MOST ACTIVE PART OF THE GOLD NANOPARTICLE SURFACE
!N  INTERESTING STUDY THAT  FULLY  SUPPORTS  THE ABOVE THESIS
WAS CARRIED OUT BY -OHR AND #LAUS 	 4HEY MEASURED THE 
ACTIVITY AND SELECTIVITY OF GOLD NANOPARTICLES BOTH NEAT AND 
WITH  INDIUMDECORATED  FACES  IN  THE  HYDROGENATION  OF 





NANOPARTICLE  PLANES  AND  APPROXIMATELY    OF  GOLD 
NANOPARTICLE  EDGES  AND  CORNERS
  WERE  ISOLATED  FROM  THE 
REACTION  THE  REPORTED  RESULTS  CLEARLY  DEMONSTRATE  THAT  THE




"US AND  *IA /N  THE BASIS OF  CAREFUL  ANALYSIS OF !U!L/ BY 
INSITU 8RAY ABSORPTION SPECTROSCOPY CHEMISORPTION AND (
$ EXCHANGE EXPERIMENTS "US 	 HAS REVEALED THAT ONLY THE 
GOLD ATOMS  IN  THE CORNER AND EDGE POSITIONS COULD  INDUCE
DISSOCIATION  OF  HYDROGEN  4HE  AUTHOR  ALSO  FOUND  THAT  THE
AVERAGE NUMBER OF THE ADSORBED HYDROGEN ATOMS PER SURFACE 
GOLD  ATOM  INCREASES  WITH  DECREASING  PARTICLE  SIZE  )N  HIS 
SUBSEQUENT STUDY OF HYDROGENATION OF CINNAMALDEHYDE HE 
HAS  FOUND  THAT  THE  4/&  INCREASED  AS  THE  TOTAL  (!U  RATIO 
INCREASED WITH A DECREASE IN THE GOLD PARTICLE SIZE 	 4HE 
ELUCIDATED  DEPENDENCES  OF  HYDROGEN  CHEMISORPTION  AND 
4/&  IN  ACETYLENE  HYDROGENATION  ON  THE  SIZE  OF  SUPPORTED 
GOLD  PARTICLES  OBTAINED  BY  *IA  	  ARE  SIMILAR  TO  THE  RESULTS 
REPORTED BY "US 	
3UMMARIZING  THE  ABOVE  RESULTS  WE  CAN  EXPLAIN  THE
IN¾UENCE  OF  THE  ±'EOMETRIC²  EFFECT  ON  THE  4/&  IN
HYDROGENATION OF A PHENYLACETYLENESTYRENE MIXTURE AS THE 
GOLD  NANOPARTICLE  SIZE  DECREASES  THE  CONCENTRATION  OF
SURFACE  SITES  RESPONSIBLE  FOR  HYDROGENATION  EDGES  AND 
CORNERS	  INCREASES AND THIS  IS MANIFESTED  IN  THE  INCREASE  IN 
THE RATE OF THE PHENYLACETYLENE HYDROGENATION






A  SINGLE  BROAD  DESORPTION  PEAK  BETWEEN    +  WAS 
OBSERVED WITH NO SIGNS OF DECOMPOSITION PRODUCTS +OEL AND 
COWORKERS  	  STUDIED  THE  ADSORPTION  PROPERTIES  OF 
CYCLOHEXANE  AND  CYCLOHEXENE  ON  !U	  CRYSTAL  PLANE 













EDGES  *IA  	  HAS  SHOWN  THAT  AT  +  THE  AMOUNT  OF 
ACETYLENE  ADSORBED  ON  NM  GOLD  PARTICLES  IMMOBILIZED 
ON !L/ WAS  TIMES GREATER THAN THAT OF ETHYLENE -OREOVER
IN  CONTRAST  TO  ETHYLENE  ADSORPTION  OF  ACETYLENE  WAS 
IRREVERSIBLE  3EGURA  	  DEMONSTRATED  THAT  NM  GOLD 
NANOPARTICLES SUPPORTED ON #E/ ARE EXTREMELY SELECTIVE IN
THE  HYDROGENATION  OF  TRIPLE  BONDS  IN  PROPYNEPROPENE 





EFFECT  IN  THE DEPENDENCE OF  STYRENE  SELECTIVITY  ON PARTICLE 
SIZE OBSERVED BY OUR GROUP 4ABLE  RUNS  	 !S THE SIZE 
OF GOLD PARTICLES DECREASES  THE RATIO OF  CORNERSEDGES	  TO 
PLANES	  INCREASES  4HIS  LEADS  TO  ESSENTIAL  INCREASE  IN 
ADSORPTION  OF  PHENYLACETYLENE  RELATIVE  TO  STYRENE  WHICH 
RESULTS  IN  AN  INCREASE  IN  SELECTIVE  HYDROGENATION  OF 
PHENYLACETYLENE  FROM  ALKYNEALKENE  MIXTURES  -OREOVER 
ACCORDING  TO  THE  CLASSICAL  MECHANISM  OF  ACETYLENE 
HYDROGENATION ON PALLADIUM 	 DIATOMIC 0D ENSEMBLES ARE 
REQUIRED TO PRODUCE ETHYLENE FROM ACETYLENE WHILE TRI AND 
PREFERABLY  TETRAATOMIC  ENSEMBLES  ARE  NECESSARY  FOR  TOTAL 
HYDROGENATION  OF  ACETYLENE  INTO  ETHANE  AND  FOR 
OLIGOMERIZATION  3INCE  TRI  AND  TETRAATOMIC  ENSEMBLES  ARE 
CHARACTERISTIC OF PLANES IT CAN ALSO BE SAID THAT AS THE SIZE OF 
NANOPARTICLES DECREASES THE SURFACE CONCENTRATION OF PLANE 
ATOMS  IN NANOPARTICLE DECREASES  &IG A	  THIS  REDUCES  THE 
NUMBER OF TETRAATOMIC ENSEMBLES !S A RESULT SIDE REACTIONS 
SUCH  AS  COMPLETE  HYDROGENATION  AND  OLIGOMERIZATION  ARE 
SUPPRESSED AND THE SELECTIVITY INCREASES
)T  IS  KNOWN  THAT  ELECTRONIC  PROPERTIES  OF METAL  PARTICLES
CAN  CHANGE  APPRECIABLY WHEN  THE  NUMBER  OF  ATOMS  IN  AN 
ISOLATED METAL PARTICLE IS REDUCED 4HIS IS SO CALLED ±ELECTRONIC² 
OR  ±LIGAND EFFECT² 4HERE  IS MUCH EVIDENCE  TO  INDICATE  THAT 
VERY  SMALL METAL  PARTICLES  DO  NOT  HAVE  THE  BAND  STRUCTURE 
CHARACTERISTIC OF BULK METALS AND THEY APPEAR TO BE ELECTRON 
DE½CIENT  	  )N  OTHER  WORDS  AS  THE  PARTICLE  SIZE 
DECREASES THE ELECTRON DE½CIENCY INCREASES 4HIS CAN HAVE A 
STRONG  IN¾UENCE  ON  THE  ADSORPTION  BEHAVIOR  BY  CHANGING 
USUALLY  INCREASING	  THE  ADSORPTION  ENERGY  OF  UNSATURATED 
COMPOUNDS AND INCREASING THE RATE OF HYDROGENATION 	 )N 
THE SUPPORTED GOLD SOME SUPPORTS CAN BEHAVE AS ELECTRON 
ACCEPTORS  OR  DONORS  AND  THUS  AFFECT  THE  ADSORPTION  AND 
HYDROGENATION  RATE  OF  UNSATURATED  COMPOUNDS  %LECTRON 
TRANSFER  FROM  THE  SUPPORT  TO  GOLD  WAS  FOUND  IN  !U4I/
SYSTEMS RESULTING IN A DECREASE IN THE ## BOND HYDROGENATION 
RATE  	  )N  THE CASE OF !U!L/ CATALYSTS  THE SITUATION  IS
OPPOSITE  GOLD  NANOPARTICLES  SUPPORTED  ON  ALUMINA  ARE 
POSITIVELY CHARGED 	 AND THIS CHARGE SLIGHTLY INCREASES 
AS  THE  SIZE  OF  NANOPARTICLES  DECREASES  	  /F  COURSE  THE 
CHEMISORPTION OF ELECTRONRICH SUBSTRATES SUCH AS ALKYNES ON 
GOLD  PARTICLES WITH  HIGHER  POSITIVE  CHARGE  SHOULD  BE MORE 
PREFERABLE 4HE  LATTER  SHOULD  LEAD  TO  INCREASING OF 4/& AND 
3  !LKYNES  ARE  STRONGER  ,EWIS  BASES  THAN  ALKENES  SO  THEIR 
ADSORPTION  FROM  ALKYNEALKENE  STREAM  SHOULD  BE  MORE 
SELECTIVE  4HUS  THE  ±%LECTRONIC²  SIZE EFFECT  CAN EXPLAIN  THE
INCREASE  IN  THE  4/&  AND  SELECTIVITY  OF  PHENYLACETYLENE 
HYDROGENATION  FROM  PHENYLACETYLENESTYRENE  MIXTURE 
OBSERVED IN THIS WORK
 #ONCLUSIONS
   ¯   NM  GOLD  NANOPARTICLES  IMMOBILIZED  ON  ALUMINA
POSSESS  HIGH  ACTIVITY  SELECTIVITY  AND  STABILITY  IN  THE 
HYDROGENATION  OF  PHENYLACETYLENE  INTO  STYRENE  FROM 
PHENYLACETYLENESTYRENE  MIXTURE  !N  INCREASE  OF  4/&  AND 
SELECTIVITY FOR SMALLER GOLD PARTICLES WAS FOUND 4HIS TREND CAN 
BE  ATTRIBUTED  TO  THE  INCREASED  SURFACE  CONCENTRATION  OF 




4HIS  WORK  WAS  SUPPORTED  BY  THE  2&"2  GRANT  NO  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